Study Design. A prospective study of anterior transarticular screw (ATS) fixation patients. Objective. To develop a method to determine screw tip position through plain radiography after percutaneous ATS fixation to prevent occipitocervical joint (OCJ) violation. Summary of Background Data. No studies using plain radiography to prevent OCJ violation during percutaneous ATS fixation have been performed. Methods. In total, 34 subjects (with 68 screws) who had undergone percutaneous ATS fixation were enrolled. To evaluate the screw tip location in relation to the C1 lateral mass (LM), the screw tip positions were graded 1, 2, or 3 on anteroposterior (AP) radiographs, and I, II, or III on lateral radiographs. OCJ violation was analyzed by postoperative computed tomography (CT). Results. Screws with tips located lower (tip I) in the LM did not result in OCJ violation. Only one tip in the tip 3 position showed OCJ perforation, and this screw was also located in tip III. Screw perforation rates of tip 1-tip II, tip 1-tip III, and tip 2-tip III were the highest (100%), followed by tip 2-tip II (10.5%) and tip3-tip III (10%).
T he anterior transarticular screw (ATS) fixation technique was first described by Barbour et al in 1971, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and has grown in popularity since then, particularly for the treatment of atlantoaxial joint instability. ATS is an essential alternative to posterior fusion, and its benefits include reduced damage to surrounding soft tissues and short operation time. 6 Minimally invasive spine surgery was first developed in 1995, and a percutaneous atlantoaxial surgery approach was later introduced by Dickman et al 14 and McGuire and Harkey. 15 Compared with the standard open approach, the percutaneous technique has obvious advantages including reduced blood loss, steeper screw angulation, shorter operation time, and less postoperative demand for analgesics. 16 In our previous article published in 2010, the percutaneous ATS fixation technique was confirmed to be technically feasible and safe. 17 Careful study of postoperative three-dimensional computed tomography (CT) patient images revealed that one potential complication of ATS fixation is the inadvertent perforation of the occipitocervical joint (OCJ), which can lead to pain and may result in a reduced range of motion between the occiput and the C1 vertebrae. 18 Although openmouth anteroposterior (AP) and lateral radiographs can reveal joint violation, they do not always directly show OCJ violation, 8, 19 because the lateral mass (LM) of C1 is biconcave and medially angulated, and the superior concavity is embedded deep inside the C1 LM. Although several reports have described ATS placement techniques, [1] [2] [3] [4] [5] [6] [7] 18, 19 to our knowledge, there are no reports on the specific ATS placement techniques that avoid OCJ violation. This study compared simple radiographs and CT findings after percutaneous ATS placement to develop a method to predict screw tip (ST) placement by plain radiography. This method may help surgeons determine whether the OCJ is violated both during and after the operation.
MATERIALS AND METHODS
In total, 34 subjects (with 68 screws) who had undergone percutaneous ATS fixation by a single surgeon were enrolled in this study. Twenty-two men and 12 women were included, with average ages of 43.6 years (range, 26-81 yr) and 48.5 years (range, 16-72 yr), respectively. The average age of all included subjects was 45.3 years (range, 16-81 yr) . Postoperative open mouth AP and lateral radiographs and three-dimensional CT reconstructions with fine CT scans (1-mm slice thickness, 1-mm slice spacing, 512 Â 512 pixel matrix) were taken in all cases. Twelve patients were diagnosed with os odontoideum combined with atlantoaxial dislocation, eight cases were diagnosed with a nonunion of a type II odontoid fracture, and 12 cases were diagnosed with atlantoaxial dislocation. Partially threaded self-tapping cannulated screws were used in all cases. The diameter of percutaneous ATS was 3.5 mm. Cases with congenital deformity of C1 or C2 were excluded.
SURGICAL TECHNIQUES
A percutaneous approach was used to place the ATS (Figure 1 ). An initial incision of 5 mm was made at the level of the C4-5 disc space, medial to the right sternocleidomastoid muscle, to fuse the left side. A 3.0-mm guide was then inserted under magnification down to the anterior border of C2. Next, a 1.2-mm Kirschner (K-) wire with a sharp tip was passed through the guide to the entry point and advanced through the center of the LM of C1 using a power drill. A 3.5-mm selftapping cannulated screw, the same length as the drilled hole, was placed over the K-wire and advanced into the tip of the LM. The contralateral screw was placed in the same manner.
K-wire placement was performed as follows 17 : (A) the tip of the guide was placed at the inferior border of C2, between 5 mm and 10 mm from the mid-line as determined by AP imaging; (B) the K-wire ATS was directed toward the center of the LM with a medial convergence angle of 208 to 308 to the mid-line on the AP view, and 208 to 288 to the vertical on the lateral view; and (C) the tip of the K-wire did not exceed the margin of the LM on the lateral view. 
Classification of ST Position Based on Simple Radiographs

CT Analysis
The accuracy of screw placement was evaluated through postoperative CT imaging. For the best accuracy, axial scans as well as sagittal and coronal reconstructions were reviewed. Through these planes, the positions of the STs were precisely determined, and OCJ violations were revealed ( Figure 4 ).
The ST positions on AP and lateral radiographs were measured by two independent investigators, both fellowship-trained spine surgeons, two times, 2 weeks apart. Interand intraindividual reliability were quantified by the intraclass correlation coefficient (ICC). 17 All data were analyzed using SPSS software (SPSS Inc, Chicago, IL). ICC values >0.75 indicated excellent reliability, values of 0.40 to 0.75 Figure 1 . Photograph of the percutaneous technique during surgery. A 1.2-mm K-wire was passed through the guide to the entry point and advanced through the center of the LM of C1 using a power drill. LM indicates lateral mass.
RESULTS
The inter-and intraindividual reliability for percutaneous ATS tip placement on AP radiographs were 0.94 and 0.93, respectively, and those on lateral radiographs were 0. (Table 1) .
DISCUSSION
Anterior transarticular screws are a potential alternative to posterior fixation in the upper cervical spine under certain circumstances. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Fixation through the anterior route is an attractive alternative and is less invasive, and may be more applicable for some patients requiring subsequent stabilization after anterior decompression because it obviates the need for additional posterior surgery. [8] [9] [10] [11] [12] Several studies have reported that this technique has favorable early clinical outcomes with high fusion rates and low associated infection and complication rates. 1, 5, [8] [9] [10] [11] [12] 20 There is also lower anatomical risk for the vertebral artery compared with posterior transarticular screws. Several studies have shown that the biomechanical properties of ATS are comparable to posterior fixation techniques, including posterior transarticular screws 21 and posterior C1 LM screws combined with C2 pedicle screw/rod systems. 22, 23 There are two kinds of ATS insertions: open and percutaneous. Compared with the standard open approach, the percutaneous technique has obvious intraoperative benefits including reduced blood loss, steeper screw angulation, shorter operation time, and less postoperative demand for analgesics. The important anatomical structures of the spinal cord and the C1 and C2 vertebrae of the 34 patients were not injured after percutaneous screw insertion; however, the OCJs of several patients were violated. This violation can lead to pain, and can potentially result in a reduced range of motion between the occiput and C1. However, to the best of The number of screws violating the occipitocervical joint/screw perforation rate (%). our knowledge, previous reports have only suggested the use of shorter screws to avoid OCJ injury, 8, 18, 19 and there are no published reports that have specifically focused on techniques to avoid OCJ violation.
Most of the previously suggested screw trajectories use a fixed range of trajectory angles, 6, 7, 9, 10 which have some limitations. Even if a specific angle is selected within this range, the exact screw location may vary due to individual anatomical differences. 8, 18, 24, 25 Although it may be simple to measure the screw angle by CT or radiography, few surgeons are capable of adjusting the screw angle at an accuracy of 5 to 108. Even under lateral fluoroscopic control, measuring and maintaining the appropriate angle for screw insertion can be technically challenging. According to the postoperative openmouth AP radiographs of the patients in this study, the ST positions were always different, even though all surgeries were performed by the same surgeon. This makes it difficult to determine OCJ violation and increase safety. In addition, the trajectory angles during some open ATS fixation surgeries have to be modified after reducing the atlantoaxial joint. Padua et al 19 recommended using anatomical landmarks on AP and lateral fluoroscopy instead of the angle to estimate proper screw trajectory, since this would not be influenced by atlantoaxial joint reduction. This study indicated that the margins of the C1 superior and inferior facets on a lateral radiograph or fluoroscopic image may be misleading, since the surfaces of the facets are tilted in the coronal plane. Two methods have been proposed to determine screw length and avoid injury to the atlanto-occipital joint; however, these may actually underestimate the length of the screws. In addition, the evaluation of ATS position and trajectory is more accurate after postoperative CT examination, but few reports have used postoperative radiographs to analyze ATS position. Given these limitations, simple radiographs and CT findings after percutaneous ATS fixation were compared in this study, and the ST position on AP and lateral radiographs was compared to the rate of OCJ penetration. After researching the anatomy of the C1 vertebrae and analyzing the method of screw placement used in this study, the inferior facet surface and anterior arch of C1 were chosen as reference objects. The position of the screw tips was divided into three AP and lateral sections to predict screw position inside the bony structures. This method could be used to help surgeons avoid inadvertent OCJ violation.
Lateral angulation of the screws could maximize safe placement of the screws, increase C1 purchase, and avoid OCJ violation, which may lead to better biomechanical stability. However, measuring and maintaining the appropriate angle for screw insertion is not sufficient, and results in the screw tips being placed in multiple different positions. Different tip positions in AP fluoroscopy means that the lateral fluoroscopic image must also be examined, and two factors should be analyzed intraoperatively. In this study, the screw perforation rate was much higher when the screw was positioned in tip 1 (70%) compared with tip 3 (5%). Therefore, there is little possibility for OCJ violation when the screw tips face the lateral part rather than the medial part of the LM. This difference is because of the bow-tie shape of the C1 LM in the coronal plane. Lu et al 18 reported that the length of the medial screw path was much shorter than the length of the lateral screw path, so angling screws toward tip 3 could enable a longer pathway. If the same length screw was used for screws placed in tip 1, then the OCJ is likely to be violated unless the ST is confined to tip I. Unfortunately, this path with tip 1-tip I may not be long enough to fix the atlantoaxial joint. However, according to the results of this study, 48 screws (71%) were located in neutral and medial positions in the LM, whereas only 20 (29%) cases were found in the lateral region. These findings are thought to reflect the tendency of screw tips to be placed more medially than expected because of the risk to the vertebral artery, which is located just lateral to the LM.
Most screws were positioned in tip 2 in this study, and the perforation rate in this location was 44.7%. The vast majority of perforations occurred when the screw was positioned in tip 2 and tip III, and the perforation was 100% in this location. Although two screws located in tip II perforated the OCJ, it also could be considered a safe zone, since the rate of perforation was only 10.5%. Therefore, the OCJ could be sufficiently protected if the screw tip was located below the upper part of the LM.
Placing a provisional marker such as a K-wire into the entry point before choosing a final ATS trajectory could ensure optimal tip placement (tip 3). Even if the trajectory is not optimal (tip 1 and tip 2), the results of this study suggest that the ideal screw length could be determined by checking the ST position through intraoperative AP and lateral fluoroscopic imaging, preventing OCJ violation ( Figure 5A,B) . 
SURGERY
This study was based on the percutaneous method of ATS fixation, but the ideal position of screw tips on AP and lateral radiographs would be similar for open ATS fixation methods, as well as for different entry points and trajectories. [1] [2] [3] [4] [5] [6] [7] 18 This study has several limitations. First, the number of cases of each tip position was not equal. This is due to the fact that this was a prospective study, and the same surgical technique and similar convergence and cephalad angles were used. This leads to tip 2 being the most common position. Second, the sample size may not be large enough to represent all patients, and a retrospective study with a larger number of cases may be needed to confirm the results of this study. However, to the best of our knowledge, this is the first attempt to prevent OCJ violation through plain radiography.
CONCLUSION
This study provides insights into the issue of OCJ violation during percutaneous ATS fixation. According to AP radiography, a percutaneous ATS with the ST located in the lateral part of the LM resulted in a lower rate of OCJ perforation, whereas screws located in the medial LM resulted in the highest rate of perforation. Percutaneous ATS with the ST located in the neutral part of the LM should ensure that the ST is below the upper part of the LM, preventing OCJ violation. These findings may help surgeons assess screw positioning both during and after the operation.
Key Points
Our study provides insights into occipitocervical joint violation during percutaneous ATS fixation. Examination of AP radiographs revealed that a percutaneous ATS with the screw tip located in the lateral part of the LM results in the lowest rate of OCJ violation, whereas screw tips located in the medial part of the LM result in the highest rate. Percutaneous ATS with the screw tip located in the neutral part of the LM should ensure that the screw tip position on the lateral radiograph is below the upper part of the LM. The method for preventing OCJ violation applies to all ATS fixation methods and different entry points and trajectories.
